Absolute values of cross sections for electron production in collisions of neutral hydrogen atoms of 20-150 keV energy with water vapor molecules have been measured as a function of the ejection energy and angle. The range of angles was lo0 to 160" and the electron energy range was 1-300 eV.
I. INTRODUCTION
While there have been several measurements of doubly differential cross sections (DDCS) for electron ejection by proton and other charged-particle impacts on various target gases, the only DDCS available for neutral impact over a wide range of projectile and electron energies and emission angles are for 15-1 50 keV hydrogen atoms on helium.' Even total electron-production cross-section measurements for neutral-hydrogen impacts are available for only a very few target gases.2 Duncan and ~e n e n d e z~ have studied emission of electrons from I-P and H-collisions with argon and Meckbach et aL4 have presented measurements on the @+He system.
At least in part because of the lack of experimental data with which to compare, there has been little theoretical work done on neutral-impact ionization. Bates and Griffing5 calculated energy distributions of electrons from hydrogen atoms of four different energies incident on atomic hydrogen and Dalgarno and riffi in^^ calculated DDCS for the same collision partners at 10, 100, and 1000 keV using the Born approximation. No calculations are known for any other targets.
Measurements of DDCS involving projectile ions carrying one or more electrons7.' have shown a large peak at an electron velocity equal to the projectile velocity due to electron loss from the projectile. Our P + H e studies' showed that the same peak is present with neutral impacts. In the present work we have also studied this peak and determined its dependence on beam energy and ejection angle.
Since water is an important constituent of the atmosphere and a major component of living cells, collision cross section data on it is of special interest in several applied areas. As protons of a few 10's of keV in the solar wind precipitate through the atmosphere a large fraction of them are neutralized. Thus any study of energy deposition in the atmosphere must take account of ionization by neutral-hydrogen atoms. For the same reason, radiation damage studies in cells must be based on information on neutral as well as charged-particle interactions.
To our knowledge there is neither experimental nor theoretical data on ionization of water molecules by neutral-hydrogen impact. The present study provides both differential and total ionization cross sections for the energy range of 20-150 keV. A comparison is made between the DDCS for neutral-hydrogen, proton, and electron impact to provide a basis for understanding the mechanisms of ionization.
EXPERIMENTAL METHOD
The apparatus used in this experiment has been described previously. ' The accelerator, collision chamber, electrostatic analyzer, and target-gas handling system are also described in the preceding paper.9
Nitrogen was used as the neutralizing gas in a chargetransfer cell in the beam line. As before, a potential of 250 to 750 V on the deflection plates following the charge-transfer cell eliminated the charged components from the beam. The electric field between the plates also served as a quenching field for metastable atoms and an ionizing field for Rydberg atoms as discussed earlier. ' Two different constantan foils of thicknesses 0.010 and 0.014 mm were used in the thermal detector for the beam. These gave sensitivities of 0.067 and 0.020 V/W, respectively. The sensitivities were measured with a proton beam, comparing the thermal detector output with the current to the detector connected as a Faraday cup. Because the sensitivity depended somewhat on the focusing of the beam, it was measured separately for each run.
The uncertainty in reading the collected beam charge varied from 4% at the higher beam energies to 7% at the lowest energy. Combined with the 7% uncertainty in measuring the target-gas pressure and the 8% uncertainty in the efficiency of the electron detector, this yields a total uncertainty of 1 1-13 % in the measured DDCS with additional uncertainties at the extremes of the electronenergy range. The cross sections integrated over electron energy are estimated to have an uncertainty of 20%. Figure 1 shows the dependence of the DDCS for 150-keV impacts on electron energy for various angles. As in the earlier work on helium,' a dominating feature of the curves is the large peak at the energy corresponding to an electron velocity equal to the projectile velocity, in this case 82 eV. Although it comes at the same energy as the peak due to continuum charge transfer, it is not confined to the forward direction, and is quite prominent even at 160". This peak is due to the detachment and subsequent elastic scattering of the electrons carried by the projectiles. This process, known as electron loss to the continuum projectiles.
EXPERIMENTAL RESULTS
To show this feature more clearly, these cross sections have been divided by the corresponding H+ cross sections' and plotted versus log( W / T ) in Fig. 2 . W is the ejected electron energy and T=mev;/2 where me is the electron mass and up is the velocity. While the peak is not symmetric on this scale, it is approximately so when plotted versus ( w / T ) "~. It is seen that the relative size of the ELC peak is large at the small and large angles and smaller at intermediate angles.
To obtain absolute values of the cross section for this process versus angle, an integration was made over the peak. As a correction for the background of continuum electrons under the peak, the corresponding H + cross sections were also integrated and subtracted from the HO values. Figure 3 shows the integrals over the peak obtained in this way plotted as a function of angle. Also shown are the cross sections for ELC for 500 keV H-+Ar obtained by Duncan and ~e n e n d e z~ and the elastic differential scattering cross sections for 100-eV electrons on Ar from DuBois and ~u d d . " Even though the projectiles, targets, and energies are different for these three cases, there are definite points of similarity between the curves suggesting similar origins. Kover et al. " have made a study of the angular dependence of the ELC peak in He+ + Ar and H2+ + Ar collisions which also showed a rise in the backward direction.
The DDCS were integrated over the entire angular range to obtain singly differential cross sections ISDCS) at each value of W. A graph of the SDCS for various impact energies is given in Fig. 4 . The ELC peak moves, as expected, to a lower energy as the impact energy decreases and it also becomes less prominent. Figure 5 shows the ratio of the SDCS for @ to that of H+ as a function of energy. Table I electron production cross sections were obtained as well as the average ejection energies. These are also given in Table I along with the area under the ELC peak obtained as described above. It is seen that the ELC process contributes f -f of the total electron production cross section for these collisions.
As in the earlier work on helium,' it is useful to compare cross sections for the same target produced by H' , H + , and e -collisions at the same velocities. Figure 6 shows such a comparison for 150-keV neutrals, 150-keV protons, and 80-eV electrons. They are shown at the same or nearly the same angles of ejection. As before, the HO and H+ cross sections are approximately equal at large ejection energies which correspond to small distances of closest approach. This is expected since for close col- 
